The importance of genetic laboratory models, such as mice and rats, becomes evident when there is a poor understanding of the nature of human disease. Many rat models for human disease, created over the years by phenotype-driven strategies, now provide a foundation for the identification of their genetic determinants. These models are especially valuable with the emerging need for validation of genes found in genome-wide association studies for complex diseases. The manipulation of the rat genome using engineered zinc-finger nucleases now introduces a key technology for manipulating the rat genome, which is broadly applicable. The ability to generate knockout rat models using zinc-finger nuclease technology will now enable its full emergence as an exceptional physiological and genetic research model.
INTRODUCTION
The domestication of the rodents for genetic research has its origins in the late 19th to early 20th century [1, 2] . Although the mouse became the favourite for geneticists, due to its smaller size, breeding fecundity and availability of spontaneous mutant strains, the rat quickly gained favour among physiologists and other researchers in part because their larger size makes them more amenable to experimental manipulation and for drug discovery and development, leading to a significantly greater understanding of rat physiology and how it compares with humans [3] [4] [5] [6] [7] . Its utility is facilitated by 150 years of accumulated knowledge about disease pathways, mechanisms, physiology and the development of more than 300 different rat strains to study clinically relevant traits [3, 5] . Many strains were created by phenotype selection for different disease 'flavours', such as the high-or low-renin hypertension models [8] , Type 1 [9] and Type 2 [10] diabetes mellitus, or renal disease [11] , to study the pathways involved in the development of diseases. Strain characterization has been accompanied by the development of tools, including genetic markers and genomic resources and databases, leading to the identification of almost 1700 QTLs (qualitative trait loci) [12] in the rat genome corresponding to a diverse range of disease-related phenotypes. These characterized strains and models facilitate the correlation between human candidate disease loci and a particular rat model, while the sequencing and comparative analysis of the rat genome inspire the hunt for new disease alleles.
Narrowing of a QTL region and selection of a candidate disease gene is accomplished mostly by sequence analysis and expression studies in recombinant strains (congenic, recombinant inbred and heterogeneous stocks), and final validation of a gene as causative is traditionally performed by transgenesis [3] . Disease genes can also be pursued using a candidate gene approach, where genes and pathways identified in humans are translated to the rat, mostly by sequencing and expression. Both types of studies can further support the involvement of a gene in the development of a disease; however, these approaches have taken many years to find the causative variants and have identified a limited number of disease genes [3] .
With the continuing identification of hundreds of candidate SNPs (single nucleotide polymorphisms) and their correlating genes by GWAS (genome-wide association studies) in humans, along with a lack of functional information for the majority of genes in the mammalian genome, the need for rodent models whose genome can be efficiently engineered has become more important than ever. Traditionally, this has not been possible in the rat despite its physiological knowledge base and developed models, due to a lack of technologies for manipulating the genome on a broad scale. Luckily, recent advances in producing genetically modified rats, especially the application of ZFN (zinc-finger nuclease) technology to produce knockout rats, are now allowing these barriers to be crossed.
GENETIC MANIPULATION OF THE RAT
When gain-of-function studies can be applied to validate the role of a candidate disease gene by overexpression, standard transgenesis approaches that apply to mice also work in rats, as shown by more than 2000 published studies using transgenic rats [5] . Embryo pronucleus micro-injection of naked DNA fragments [13] , bacterial or yeast artificial chromosomes [14] , as well as lentivirus transduction of embryos by injection into the perivitelline space [15, 16] , will each result in germline transgenesis. Conversely, chemical mutagenesis using ENU (ethylnitrosourea) has been used to generate loss-of-function, or 'knockout', mutations in valuable disease genes, such as Apc (adenomatous polyposis coli), Srt (sirtuin), Brca1 (breast cancer 1 early onset), Brca2 (breast cancer 2 early onset), Nos1 (neuronal NO synthase) and Tgfbr2 [TGF (transforming growth factor)-β receptor type 2] in rats ( [17] [18] [19] [20] , and C. Moreno, unpublished work), and random insertional mutagenesis using gene-trap Sleeping Beauty transposons [21, 22] has generated more than 120 mutant rat models of cancer, eye development, immunodeficiency and others (http://www.knockoutrat.org). Combined, these random mutagenesis efforts have already produced a number of disease models, and many are available to the research community through the Rat Resource & Research Center (http://www.nrrrc.missouri.edu).
The establishment of the mouse ESC (embryonic stem cell) [23] , and later discovery that these cells permit precise homologous recombination [24, 25] , has enabled the targeted disruption of mouse genes of interest and the development of thousands of gene knockout strains. It is now hoped that the first authentic germlinecompetent ESCs from rats [26, 27] , or the iPSCs (induced pluriopotent stem cells) ( [28] , but see [28a] , [29, 30] ) will finally allow for homologous recombination in the rat to engineer precise knockouts of genes in some strains.
The fact that the rat ESC is currently available for a limited number of strains is an important point. The rat research community faces some important challenges due to the widespread development and characterization of so many unique inbred strains and disease models. It is of particular importance in the case of complex genetic traits, where multiple chromosome loci within a strain interact to produce a phenotype. Ideally, a gene-targeting technology would be applicable to many rat strains to capitalize on the known biology of these established models. Luckily, while ESC technology continues to develop for widespread use, an alternative technology has emerged which allows for the rapid production of targeted mutations in any strain.
ZFN-MEDIATED GENE DISRUPTION
The broad need in the research community for technology to manipulate cellular genomes has propelled the development of a new classification of engineered molecular tools called ZFNs. ZFNs are engineered proteins developed for the purpose of introducing sitespecific mutations in cellular genomes, and their activity is dependent on two highly conserved processes: the DNAbinding affinity of a zinc-finger protein motif and the cellular processes of DNA damage repair. These proteins are designed with a high degree of specificity to interact with an investigator-specified sequence.
Target sequence recognition and specificity of ZFNs are determined by three main factors: (i) the amino acid sequences of the individual fingers, (ii) the number of fingers, and (iii) the interaction of the nuclease domain ( Figure 1 ). ZFNs consist of two functional domains: a domain consisting of an array of sequence-specific DNA-binding zinc-fingers, and the nuclease domain of the type IIs restriction endonuclease FokI. Individual zinc-finger 'modules' are combined to form zinc-finger array domains, where the amino acids within each finger interact with three nucleotides in a sequence-specific manner [31] . It takes left and right proteins to cleave a target sequence because the nuclease domain must dimerize to function. Published active reagents contain anywhere from three to six zinc fingers for the left or right ZFN [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] [43] [44] , thus each of the left and right ZFN interact with 9-18 nucleotides and, because they work in pairs, 18-36 nucleotides of target-sequence specificity separated in the middle by a spacer sequence of 5-7 base pairs, where the endonuclease domains interact to cleave the DNA. More recently developed ZFNs also use obligate heterodimer variant forms of the FokI endonuclease domain, where amino acid residues have been altered to ensure that only a left and right ZFN can pair to cause cleavage, further improving the specificity of the system [39, 45] .
The art of developing ZFNs for genome engineering is dependent on the existing libraries of reagents. The complexity of the available libraries of characterized zinc-finger modules ensures that most genes can be targeted, although certain sequences are considered more ideal (sequences where one or more individual finger recognition triplets contain 5 -GNN-3 [42] ). Small genes will, of course, contain fewer of these ideal target sites and therefore fewer active ZFN pairs will be identified. In addition, and for reasons that are not completely understood, even carefully designed ZFNs sometimes lack specificity or lack activity. These current limitations could prevent the design of suitable ZFN reagents for some target genes; however, both commercial and academic groups are continuously expanding the zincfinger module libraries to increase the chances of a successful design.
The principal of ZFN-mediated gene disruption is shown in Figure 2 . Two engineered ZFN proteins designed to interact with a gene sequence with high fidelity are introduced into a cell and use their nuclease activity to cause a DSB (double-strand breakage) in the chromosome in a gene's protein-coding sequence. This stimulates innate cellular DNA repair mechanisms to fix the DSB or the cell will probably die. The most active DNA repair mechanism in mammalian cells for repairing DSBs is the NHEJ (non-homologous end-joining) pathway, although HDR (homology-dependent repair) using an available template containing a homologous sequence occurs at a lower frequency [46] . NHEJ is template-independent and is therefore an imperfect repair
Figure 2 ZFN-mediated gene disruption
When a pair of ZFNs, referred to as a left and right ZFN, precisely bind to a target sequence such as the exon of a gene, the nuclease domain (N) cleaves the DNA to introduce a DSB, like a pair of genomic scissors. The NHEJ repair mechanisms will repair the DSB, often at the expense of small bits of sequence information, disrupting the gene. mechanism, which frequently results in deletion and/or insertion of sequence information, resulting in a potential mutation ( Figure 2 ) [47] . If the mutation disrupts the production of a normal gene transcript or protein, a knockout mutation has been generated.
There are multiple places to obtain ZFN reagents for genome editing in model species: one commercial source, and reagents that are available in the public domain. Sigma-Aldrich licenses and distributes ZFN technology from Sangamo BioSciences, the world's leading commercial developer of zinc-finger technology. Obtaining ZFN reagents to disrupt a target gene is as simple as providing the target sequence and any information about known paralogues and pseudogenes with high sequence similarity to the gene of interest. Bioinformatics tools are used to identify ideal ZFN target sites within exon sequences. Ideally, suitable sites are found within the first two-thirds of the gene-coding sequence to ensure a severe truncation of the gene product. Sigma-Aldrich then combines precharacterized dual zinc-finger 'modules' with known specificity for hexamer sequences to make four-, five-, or six-finger ZFNs. Sites are screened for uniqueness in the target genome and as many as 16 ZFN pairs are assembled for testing in a cellular proxy system, in the case of rats, by transfection into cultured rat cells [48] . A functional pair of ZFN reagents, in a ready-to-use format, is then delivered to the investigator. The cost for SigmaAldrich's custom ZFN design and validation is currently US$ 25 000, a price which initially brings about significant pause and exceeds the budgets of many labs. However, the cost includes design and construction of multiple reagents and pre-validation to ensure active reagents are obtained. Coincidently, production of a typical knockout mouse model via gene targeting in mouse ESCs routinely exceeds this cost.
Of important note, the use of Sigma-Aldrich ZFNs also currently comes with a $7500 ZFN License Agreement fee, which contains restrictions on the use of the ZFNs and the modified animals that result from their use, including forbidding the licensing, sale or other distribution of the animal model and limiting the number of animals that can be bred (for rodents) without further permission. However, the fee itself can typically be waived if the investigator agrees to transfer title of the modified animals to Sigma-Aldrich for potential commercial distribution at the completion of their study.
On the other hand, sources of characterized zincfinger modules and reagents are available from academic groups, allowing investigators to engineer their own reagents, potentially at a reduced cost and without significant restrictions [37, 49, 50] . Some of these platforms use libraries of pre-characterized single-finger modules to assemble three-finger ZFN reagents and have yielded functional zinc-finger arrays for use in several systems [51] ; however, for reasons that are not completely understood, the success rate with some design strategies is low [52, 53] . The OPEN (Oligomerized Pooled ENgineering) platform was developed by academic researchers for developing custom ZFN reagents using a combination of a bacterial two-hybrid system and testing in cultured cells [37] , is available to researchers at cost, and has dramatically increased the success rate of generating active ZFN reagents for a broad range of targets [54] .
To date, engineered ZFNs have been used to generate site-specific mutations at endogenous loci in cultured cells and embryos from several species. The applications have ranged from targeted gene therapy to the production of gene-specific knockout animals. For the purpose of the present review, the application of ZFN technology to vertebrate models is outlined in Table 1 , although much of the technology and experimental approaches were anticipated by work in flies, worms [35] and plants [55, 56] . Only the commercial reagents have thus far been demonstrated to knock out genes in mammalian embryos as described below; however, both the commercial and OPEN platforms have yielded active pairs of ZFN reagents suitable for genome editing in mammalian cells [37] , zebrafish embryos [36, 38, 54] and, presumably, will be applicable to other species.
RAPID GENE KNOCKOUT IN THE RAT
Targeted genome modification in the rat begins with the careful selection of the target sequence and acquiring the ZFN reagents. The existing rat gene and transcript annotations are frequently generated by comparative species analysis combined with gene prediction algorithms run on the assembly. Because the rat genome sequence still contains many gaps, these gene models are not always accurate and therefore EST (expressed sequence tag) and direct sequence comparison with gene models from other species are used to generate the best target sequence information. We also recommend direct sequencing of the target region in the target strain of interest since a single nucleotide difference (due to the presence of an SNP or error in the genome sequence) can interfere with designing effective ZFN reagents. The validated sequence is then scanned for ideal target sites to design ZFN reagents.
The process of delivering the ZFNs to the rat embryo is essentially identical with techniques used to produce transgenic mice and rats, where ZFN-encoding nucleic acids are micro-injected into newly fertilized embryos [48] . Although we have previously reported cytoplasmic delivery by micro-injection [44] , typically ZFN mRNA is injected into the male pronucleus. It is then transported to the cytoplasm for translation into ZFN proteins which re-enter the nucleus to cleave the target sequence. Occasionally, a mutation occurs which is recovered after transferring the embryos to surrogate females and birth. The animals are screened by a simple PCR-based assays followed by sequencing [48] . Animals carrying frameshift alleles in the gene coding sequence are then considered as potential knockouts of the gene of interest.
The initial description of ZFN genome editing at three distinct loci in the rat genome revealed several important and beneficial attributes of this technology [44] . First, the availability of the GFP (green fluorescent protein) lentivirus transgenic rat [16] revealed that delivery of mRNA-encoded ZFNs to the rat embryo results in site-specific mutagenesis at the one-cell stage. Thus the mutation occurs before the cell has a chance to divide, leading to whole-animal mono-or, at lower frequency, bi-allelic knockout of the target gene with very little mosaicism [44] . This is unlike the reports from zebrafish studies, where ZFN activity occurs during a period of rapid cell division, leading to mosaic animals [36, 38] . Secondly, mutations in rat embryos typically arise as microdeletions of a single to a few hundred nucleotides, although microdeletions can sometimes be accompanied by insertion of a new sequence at the target site ( [48] and PhysGen Knockout team, unpublished work). When these microdeletions and insertions are targeted to a coding exon of a gene, the probability of a frameshift or other mutation that will disrupt gene function is high. Thirdly, a beneficial attribute of the technology that cannot be overemphasized for the reasons mentioned above is that it is proven to be applicable to multiple inbred and outbred rat strains [44] . Although there will be some variability in the health and ease of manipulating embryos from some rat strains, ZFN technology will allow researchers to knock out their favourite gene in their favourite strain. Finally, the fact that ZFN proteins are highly active during the early hours of embryo development, leading to founder animals with high percentages of mutagenized chromosomes, means that the production of geneknockout rats is very rapid. From selection of a target gene to obtaining the ZFN reagents to micro-injection and production of knockout founder animals can be as little as 3-4 months. Recently, a new report of the gene knockout for the Il2rg (interleukin 2 receptor γ ) gene by Mashimo et al. [57] demonstrated similar findings.
Despite the best efforts and care in the design of ZFN reagents, they do have the potential to cause off-target cleavage and mutations, and this remains a key criticism of the technology. These events can be observed by first predicting where these effects might occur by scanning for similar sequences to the target site in the genome [36, 38] and screening them for ZFN modification. Typically, if great care is put into selecting the target site and reagents which have high specificity are used, these events are minimized. For example, no evidence of off-target cleavage by the engineered reagents has been observed in the two rat studies using five-and six-finger ZFNs [44, 57] . However, other reagents utilizing three-finger ZFNs have sometimes demonstrated off-target effects [36, 38, 39, 45] . Obviously, for gene therapeutic applications, these effects must be minimized to the greatest extent possible, but, in animal models, the occasional off-target event may be less important if they can be bred away. Nevertheless, highly related sequences among members of clustered gene families may be particularly susceptible to off-target cleavage and these events would be difficult to separate by recombination. In these cases, care should be taken to screen mutant founders for these secondary events.
The advent of ZFN technology opens new doors to rapidly knock out candidate human disease genes and opens new avenues to understanding disease mechanisms. In some cases, however, more precise engineering will be required to be able to assign function to some genes which are essential at early stages of development (are lethal when knocked out) or to introduce a new sequence into the rat genome. These types of strategies will require a more complex engineering of the rat genome and ZFNs can play a role.
ZFNs ARE DIVERSE TOOLS FOR MANIPULATING GENOMES
While NHEJ is the most active DNA repair mechanism, HDR can be dramatically stimulated by DSBs in chromosomes [58] and several groups are now using ZFNs to facilitate targeted integration of new sequences into genomes by homologous recombination (Table 1) . In this application, the ZFNs are introduced with a donor template harbouring a homologous sequence to regions flanking the ZFN target site (Figure 3) . ZFN cleavage prompts the cell to use the donor template to repair the chromosome, leading to the precise integration of the donor sequence. ZFNs can stimulate the targeted integration of new sequences from a few to more than a 1000-fold increase over spontaneous homologous recombination. To date, ZFNs have been used for targeted integration of a few base pairs or even 9-kb expression constructs into Drosophila embryos and cultured human cells [33, 39, 40, [59] [60] [61] and, recently, ZFNs have been used to target expression cassettes into human ESCs and iPSCs [62, 63] . It will be of great interest to combine the emerging technologies for rat genome engineering, such as the rat ESC and iPSC with ZFN technology to produce more complex manipulation of the rat genome, such as conditional knockout alleles, humanized rat models where a human gene is inserted precisely into the rat homologous gene locus, or even more imaginative alterations to the rat genome.
CLINICAL RELEVANCE: DISEASE GENE VALIDATION
The application of ZFN-mediated genome editing to zebrafish and rats is changing the views of these species as genetic research models, an attitude that will have an impact upon our understanding of human disease and enhance care. Table 1 ). ZFNs are co-delivered to the cell with a circular double-stranded plasmid containing the desired variation or gene flanked by homology arm (HA) sequences. After cleavage, DNA repair mechanisms can use the plasmid as a template to repair the broken chromosome and introduce the new sequence seamlessly into the genome. Typically, a selectable marker gene is necessary to identify the targeted integration events.
immunodeficiency)], one of the most common forms of human SCID. This model can be used as a tool for pre-clinical testing as well as a base for xenotransplantation and cancer research [57] . In addition the SAGE TM (Sigma Advanced Genetic Engineering) Lab is developing several valuable models for studies of neurobiology, toxicology, cardiology, cancer and immunology (http://www.sageresearchmodels.com).
Besides developing models such as these for known diseases and validation of new candidate genes causing monogenic disease, ZFNs will enable identification and validation of genes involved in complex diseases. Numerous linkage and association studies have identified candidate genes for disease susceptibility. Validation of these genes by gene manipulation is confounded by the 'complexity' of the disease, that is, there needs to be several susceptibility genes for a gene to have an effect on a phenotype: a susceptible background. This has been shown by the different effects of gene knockout in different strain backgrounds in mouse [64] . However, in established disease models which have been selected by phenotyping over generations and have accumulated susceptibility genes for complex diseases, ZFN technology provides a very powerful tool for gene
Figure 4 The rat model is fully enabled by new technologies
The laboratory rat provides a vast knowledge base and genomic tools which demonstrate its utility as a model system for studying human physiology and disease. ZFN and, hopefully, stem cell technologies now reduce the hurdles which previously existed to the investigator wishing to study the function of a particular gene in a physiological or disease process in rats.
validation. For example, the PhysGen Knockout team at the Medical College of Wisconsin is currently using ZFN technology to knockout 100 genes for hypertension and renal disease in the sensitized Dahl S hypertensive rat as a validation tool for different published GWAS candidate loci and providing these initially characterized models to the research community (for more information, see http://rgd.mcw.edu/wg/physgenknockouts). We expect that the susceptible hypertensive background of the Dahl S and consomic strains will better allow us to see an effect of these genes on blood pressure, since these strains lack the compensatory mechanisms for returning blood pressure to normal values.
SUMMARY AND FUTURE DIRECTIONS
The rat has been classically used to study physiology and disease related to humans and, in recent years, for the search for genes involved in complex diseases. New technologies such as ZFN-mediated engineering and stem cells complete the genetic toolbox now available to the researcher who wishes to use the rat (Figure 4 ). Linkage analysis in rats and humans will continue to identify many candidate genes related to different diseases and combining the knockout approach with established rat disease models will enable the study of the effects of gene function in the context of well-characterized phenotypes and pathways, increasing our understanding of the mechanism of action of genes in disease. This accelerated knowledge, capitalizing on the wealth of information obtained after more than 100 years of research, will lead to therapeutic strategies in humans in a shorter timeframe.
Much is left to be developed for routine ZFN use in the rat and several applications of ZFNs to editing the rat genome in stem cells and embryos, including targeted integration, must be explored. Its application enables new studies which have previously been impossible or costprohibitive in other mammalian model systems other than the mouse. This technology platform is amenable to both small and large laboratories alike with the only requirements being the ZFN reagents, access to an embryo micro-injection facility and routine molecular biology skills to PCR-amplify and sequence the target site. Moving forward, the pursuit of gene targets by different laboratories will develop an understanding of the reproducibility of the technology. The PhysGen Knockout team has now knocked out more than 40 genes using commercial reagents (unpublished work). It will be interesting to see how rat researchers choose to implement gene targeting strategies in their studies. More importantly, in addition to zebrafish and rats, other species will probably soon be shown to be amenable to ZFN-mediated genome engineering and researchers will finally be afforded the valuable opportunity to choose which model system and strain background best fits the disease or process they are studying.
FUNDING

